HPr kinase/phosphatase (HPrK/P) is the key protein in regulation of carbon metabolism in Bacillus subtilis and many other Gram-positive bacteria. Whether this enzyme acts as a kinase or phosphatase is determined by the nutrient status of the cell. Mutational analysis of residues in a Walker A box nucleotide-binding motif revealed that it is not only important for kinase but is also involved in phosphatase activity. In addition, a signature sequence specifically conserved among HPrK/P orthologues is required for phosphatase activity and may be involved in interaction with HPr/HPr-(Ser46)-P. Carbon catabolite repression was abolished in a B. subtilis strain expressing a mutant form of HPrK/P deficient in kinase and phosphatase activities. The growth characteristics of this strain were similar to those of the wild-type. In contrast, B. subtilis strains expressing HPrK/P with partial kinase and no phosphatase activities showed growth impairment but exhibited catabolite repression.
INTRODUCTION
Bacteria have the ability to preferentially utilize, out of a mixture of carbon sources, compounds which allow them to grow at a maximal rate. The underlying regulatory mechanisms are collectively called carbon catabolite repression (CCR). Highly sophisticated signal transduction networks collect and integrate information about the physiological state of the cell and the availability of carbon sources, and fine-tune the expression of catabolic enzymes. Abbreviations : CCR, carbon catabolite repression ; FBP, fructose 1,6-bisphosphate ; HPrK/P, HPr kinase/phosphatase ; PTS, phosphotransferase system. Hillen, 2000) . The regulatory phosphorylations of HPr and Crh are catalysed by the bifunctional HPr kinase\ phosphatase (HPrK\P), the prototype of a new family of ATP-dependent protein kinases (Galinier et al., 1998 ; Reizer et al., 1998 ; Kravanja et al., 1999) . This regulatory phosphorylation occurs at Ser46 of HPr and inhibits phosphorylation at His15 and, thereby, all enzymic and regulatory events depending on this form of HPr (Deutscher & Saier, 1983 ; Stu$ lke & Hillen, 2000) . HPr-Ser46-P and Crh-Ser46-P are cofactors of the pleiotropic transcriptional regulator CcpA and enhance its affinity for catabolite-responsive DNA sequences that are often found in catabolic genes and operons (Deutscher et al., 1995 ; Jones et al., 1997 ; Galinier et al., 1999) .
HPrK\P senses the physiological state of the cell and responds with changes of the kinase and phosphatase activities. HPr kinase activity in B. subtilis is dependent on glycolytic intermediates such as fructose 1,6-bisphosphate (FBP) and is inhibited by inorganic phosphate. Cooperativity for ATP and FBP binding has recently been reported for HPrK\P of B. subtilis (Jault et al., 2000) . In contrast, HPr phosphatase activity is stimulat-IP: 54.70.40.11
On: Sat, 12 Jan 2019 11:02:46 K. G. Hanson and others ed by inorganic phosphate (Galinier et al., 1998 ; Reizer et al., 1998 ; Kravanja et al., 1999) . The HPr kinases of different bacteria do not respond in the same way to the same metabolites, e.g. the orthologues of Enterococcus faecalis and Streptococcus salivarius are activated by high ATP concentrations and are independent of FBP (Brochu & Vadeboncoeur, 1999 ; Kravanja et al., 1999) .
Genes encoding HPrK\P have been identified in several Gram-positive bacteria and in proteobacteria such as Neisseria gonorrhoeae and N. meningitidis (Brochu & Vadeboncoeur, 1999 ; Dossonnet et al., 2000 ; Himmelreich et al., 1996 ; Huynh et al., 2000 ; Reizer et al., 1998) . Inactivation of the hprK gene in B. subtilis (Galinier et al., 1998 ; Martin-Verstraete et al., 1999 ; Reizer et al., 1998) , Staphylococcus xylosus (Huynh et al., 2000) and Lactobacillus casei (Dossonnet et al., 2000) results in abolition of CCR.
In this work we have identified some amino acids important for phosphatase and kinase activities of B. subtilis HprK\P. B. subtilis strains carrying mutations affecting these amino acids show growth defects and\or impaired CCR. To our knowledge, this is the first report demonstrating the in vitro and in vivo effects of site-directed mutations introduced into HPrK\P of B. subtilis.
METHODS
Bacterial strains and growth conditions. E. coli DH5α (Sambrook et al., 1989) was used for cloning experiments and for expression of recombinant proteins. B. subtilis strains used in this study are listed in Table 1 . They were routinely grown in SP medium or in CSE minimal medium (Faires et al., 1999) supplemented with tryptophan (50 mg l − ") and chloramphenicol (Cm ; 5 mg l − ") as required. E. coli was grown in LB medium and transformants were selected on plates containing ampicillin (100 mg l − "). LB and SP plates were prepared by the addition of 17 g Bacto agar l − " (Difco) to LB or SP medium, respectively. DNA manipulation and plasmid constructions. Transformation of E. coli and plasmid DNA extraction were performed using standard procedures (Sambrook et al., 1989) . Restriction enzymes, T4 DNA ligase and DNA polymerases were used as Plasmid pGP211 was constructed to disrupt the chromosomal hprK gene by a spc gene endowing B. subtilis with spectinomycin resistance. First, pBluescript SK + (Stratagene Cloning Systems) was digested with SpeI and XbaI and the linearized fragment religated to give pGP208. The hprK gene region was amplified from the chromosome of B. subtilis 168 using primers KS20 (5h-ATTGAATTCTGCTGATCCTCCTCCG-GCGCAAGT-3h) and KS21 (5h-ATTGAGCTCTCCGCAAG-CTTCCAGAACGAAAGG-3h). The 2n1 kb amplicon was digested with HindIII and the resulting 1n7 kb fragment cloned into pGP208. The resulting plasmid was pGP209. The spectinomycin-resistance gene was isolated from pGP109 (Reizer et al., 1999) using primers KS32 (5h-AAAAGCGCTA-TAGCTAGGGTAAGTAAATTGAGTA-3h) and KS33 (5h-AAAAGCGCTCTACTAATTGAGAGAAGTTTCTATA-GA-3h). This PCR product was digested with Eco47III and cloned into the Eco47III site of pGP209. A plasmid that contained the spc gene inserted in the same direction as the (disrupted) hprK gene was chosen and designated pGP211.
To overexpress the wild-type HPrK\P protein fused to a hexahistidine sequence at the N terminus, plasmids were constructed as follows. The DNA fragment corresponding to the hprK ORF was amplified by PCR using chromosomal DNA of B. subtilis 168 and the primer pair KS11 (5h-AAAGTCGACATGGCAAAGGTTCGCACAAAAGACGT-AATGG-3h) and KS12 (5h-AAAAAGCTTGGTTCTATCGC-TTCATTCATTTAACGC-3h), containing SalI and HindIII
Mutations in HPr kinase\phosphatase of B. subtilis Table 2 . Mutations introduced into the hprK gene by two-step site-directed mutagenesis using the mutagenic primers G148A  KS22  ATATATGGTGTCGCAGTGCTGATCACAGGA  pGP406  G153A  KS23  GTGCTGATCACAGCAAAAAGCGGCGTC  pGP409  S155T  KS26  ATCACAGGAAAAACAGGCGTCGGAAAAAGC  pGP410  S155A  MM2  ACAGGAAAAGCCGGCGTCGGA  pGP412  G158A  KS25  AAAAGCGGCGTCGCAAAAAGCGAAACA  pGP407  S160T  KS27  GGCGTCGGAAAAACAGAAAGAGCGCTA  pGP411  G207A KS29 GAGATCAGGGGCCTTGCAATTATCAATGTG pGP408
* The relevant mutations introduced by the mutagenic primers are underlined. † The PCR products obtained after two-step site-directed mutagenesis were cloned after cleavage with HindIII and SalI into pWH844 cleaved with the same restriction enzymes.
restriction sites respectively. After digestion of the PCR products with these restriction enzymes, the resulting fragments were cloned into the expression vector pWH844 (Schirmer et al., 1997) cut with the same enzymes. The resulting plasmid was pGP205 (for the wild-type gene). Plasmid pAG2 (Galinier et al., 1997) was used for the production of (His) ' HPr from B. subtilis.
Site-directed mutagenesis of hprK. Site-directed mutagenesis of the hprK gene was carried out using a two-step PCR protocol as described earlier (Bachem et al., 1997) . KS11 and KS12 served as the outer primers. After mutations were introduced using mutagenic primers the PCR products were cloned between the SalI and HindIII sites of pWH844 as described for the wild-type gene. The mutagenic primers and the resulting plasmids are listed in Table 2 .
Construction of B. subtilis strains carrying point mutations in
the hprK gene. A strain containing the hprK G148A allele was constructed by cotransformation of B. subtilis 168 with chromosomal DNA of strain QB7144 [amyE ::(xynP-lacZ cat)] and plasmid pGP406. Transformants were screened on CSE plates containing Cm, glucose and xylose. A strain lacking HPr-(Ser46)-P was expected to express the xynP-lacZ in the presence of glucose whereas xynP expression would be repressed in the wild-type due to the very severe repression of the xynPB operon by glucose (Lindner et al., 1994 ; Galinier et al., 1999) . The reverse strategy was followed to isolate transformants expressing HPrK\P devoid of phosphatase activity. Recombination of only (xynP-lacZ cat) genes into the chromosomal amyE locus was expected to result in formation of Cm-resistant blue colonies on plates containing Cm and xylose since lacZ expression would be induced by xylose. In contrast, recombination of the mutant alleles hprK G158A or hprK G207A and (xynP-lacZ cat) genes would result in white colonies, because HPr-(Ser46)-P together with CcpA would continuously repress the xynP-lacZ fusion. Appropriate transformants obtained from both the above procedures were isolated and after amplification of the hprK alleles from the chromosome by PCR, the presence of the required mutations was confirmed by sequencing.
Protein purification. E. coli DH5α was used as host for the overexpression of recombinant proteins. Expression was induced by the addition of IPTG (final concentration 1 mM) to exponentially growing cultures (OD '!! 0n8). After sonication, the lysates were centrifuged at 15 000 g for 30 min and the resulting supernatants were passed over a Ni# + HiTrap chelating column (Pharmacia) followed by elution with an imidazole gradient.The Bio-Rad dye-binding assay was used to determine protein concentration. Bovine serum albumin was used as the standard.
Activity assays of HPrK/P. Activity assays were carried out with purified HPrK\P in a total volume of 20 µl containing assay buffer (10 mM MgCl # , 25 mM Tris\HCl pH 7n5, 1 mM dithiothreitol), purified HPrK\P (350 nM) and (His) ' HPr or (His) '
HPr-Ser-P (4 µg per reaction) of B. subtilis. ATP, inorganic phosphate (P i ; as potassium phosphate) and FBP were added as indicated. The assays were carried out at 37 mC for 15 min followed by thermal inactivation of the enzyme (4 min at 95 mC). The assay mixtures were analysed on 7n5% native polyacrylamide gels. (His) '
HPr-Ser-P was prepared as follows. After incubation of (His) '
HPr with HPrK\P in assay buffer in the presence of 10 mM ATP and 20 mM FBP the enzyme was thermally inactivated. (His) ' HPr-Ser-P was purified by FPLC using a Poros 20HQ anion-exchange column (Perkin Elmer PerSeptive Biosystems) with a 0-500 mM NaCl (in 10 mM Tris\HCl pH 7n5) gradient as described by Deutscher & Engelmann (1984) .
Transformation and characterization of phenotype. B. subtilis 168 was co-transformed with plasmid DNA carrying the hprK gene with the required mutation and chromosomal DNA of strain QB7144 according to the two-step protocol described by Kunst & Rapoport (1995) . Quantitative studies of lacZ expression in B. subtilis in liquid medium were performed as follows. Cells were grown in CSE medium containing xylose (1 g l − ") as inducer with or without glucose (5 g l − ") and Cm (5 mg l − "). The cells were harvested at OD '!! 0n6-0n8 and lysed by treatment with lysozyme and DNase. β-Galactosidase activities were determined as previously described using ONPG as substrate (Miller, 1972) . One unit is defined as the amount of enzyme which produces 1 nmol o-nitrophenol min − " at 28 mC. Doubling times were estimated from a semi-logarithmic plot of OD '!! vs time. Assays of β-galactosidase activities and growth rates were performed in duplicate or triplicate. Representative results are shown.
Western blot analysis. For Western blot analysis, cell extracts were separated on 12n5 % SDS-polyacrylamide gels and transferred to a PVDF membrane (Fluorotrans) by electroblotting. HPrK\P was detected with the rabbit polyclonal antiserum raised against HPrK\P of B. subtilis. HPrK\P antibodies on the PVDF membrane were visualized by using the ECL Western blot analysis system (Amersham).
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RESULTS AND DISCUSSION
Expression of the hprK gene in B. subtilis
Kinase activity of HPrK\P is triggered if bacteria are grown under conditions allowing high glycolytic activity. We addressed the question whether the intracellular level of HPrK\P is also increased under these conditions by two sets of experiments. We constructed a transcriptional fusion of the hprK promoter region to a promoterless lacZ gene and inserted it into the chromosome of B. subtilis 168. β-Galactosidase activity of the resulting strain, GP201, during growth in CSE minimal medium in the presence or absence of glucose was low and not affected by the presence of glucose [10-14 units β-galactosidase (mg protein) −" ], indicating weak constitutive transcription of hprK.
Although transcription of the hprK gene was constitutive, a post-transcriptional regulation of the synthesis of HPrK\P could not be ruled out. Therefore, we assayed the amounts of HPrK\P in extracts of B. subtilis cells by Western blot analysis. B. subtilis 168 was grown in complex medium and in CSE minimal medium with or without glucose. As controls we used purified (His) '
HPrK as well as cell extracts of E. coli and the B. subtilis hprK mutant strain GP202. As shown in Fig. 1 , the antibody reacted with a single protein in extracts of B. subtilis 168 but no signal was observed with E. coli or the hprK mutant strain. HPrK\P was present in cell extracts grown in complex medium and in minimal medium irrespective of the presence of glucose. These results suggest that HPr phosphorylation\dephosphoryl-ation may not be regulated at the level of HPr kinase synthesis but rather exclusively by the enzyme's activity.
Site-directed mutagenesis of HPrK/P
The HPrK\P of B. subtilis is the prototype of a novel class of protein kinases and phosphatases (Galinier et al., 1998 ; Reizer et al., 1998 ATP\GTP-binding motif (Walker A box ; Walker et al., 1982) at position 153-160 and a so-called signature sequence that is uniquely conserved in HPrK\P proteins at position 202-211 (Galinier et al., 1998 ; Reizer et al., 1998 ; Fig. 2 ; for a recent alignment of HPrK\P sequences see Fieulaine et al., 2001) . We addressed the functional importance of these regions by site-directed mutagenesis of conserved residues. To keep major structural perturbations of the mutant proteins to a minimum, we replaced glycine residues by alanine and serine residues by threonine or alanine. The effects of the mutations on kinase and phosphatase activities are shown in Fig. 3 .
A G148A substitution resulted in the abolition of both the kinase and phosphatase activities, which demonstrates that this residue is important for these activities (Fig. 3, lane 4) . This residue is universally conserved among HPrK\P proteins and may be important for structural reasons.
Several mutations in the presumptive Walker A box motif resulted in reduced enzyme activities. Both phosphatase and kinase activities were impaired by a G153A mutation (Fig. 3, lane 5) . There was no phosphatase activity in the G158A variant, but this mutant protein retained some kinase activity (Fig. 3, lane 8) . The serine residue in the Walker A box has been shown to be important for Mg# + binding (Saraste et al., 1990) . The activities exhibited by the enzymes with the S155T or S160T mutations were similar to those of the wild-type protein.
The threonine residue might replace the serine in Mg# + binding. An S155A replacement had also little effect on the enzyme activity. Most mutations in this region had at least a weak effect on both the kinase and phosphatase activities, with residues G153 and G158 being most important. Thus, as seen in the bifunctional E. coli isocitrate dehydrogenase kinase\phosphatase the kinase and phosphatase activities are linked to each other (Ikeda et al., 1992) . This is not always the case, as evidenced by some other bifunctional kinases\phospha-tases such as 6-phosphofructo-2-kinase\fructose-2,6-bisphosphatase from hepatocytes or the E. coli EnvZ protein (Vertommen et al., 1996 ; Zhu et al., 2000) .
The G207A mutation in the signature sequence gave a phenotype similar to the G158A mutation since it resulted in reduced kinase activity and loss of phosphatase activity (Fig. 3, lane 10) . This region, which forms a β-strand in HPrK\P of L. casei (Fieulaine et al., 2001) , is probably not responsible for FBP binding since the mutant protein could still be stimulated by FBP (data not shown). Thus, the importance of this region for enzyme activity may indicate that the signature sequence is involved in interaction with HPr\HPr-(Ser46)-P.
In a recent study of HPrK\P from L. casei, several residues important for enzyme activity were identified (Monedero et al., 2001) . Interestingly, several mutations in L. casei HPrK\P also resulted in a reduction or loss of phosphatase activity whereas no mutations specifically affecting kinase activity were found. As observed in this study, a mutation of the conserved glycine residue in the Walker A box (G158 in B. subtilis, G160 in L. casei) Kinase (a) and phosphatase (b) activities of mutant HPrK/P proteins. For kinase activity assays, 1 µg of the different mutant forms of HPrK/P proteins were incubated with 4 µg HPr in the assay buffer containing 10 mM ATP and 10 mM FBP for 15 min at 37 mC. For phosphatase activity assays, 1 µg of the different mutant forms of HPrK/P proteins were incubated with 4 µg (His) 6 -HPr-Ser-46-P in the assay buffer containing 10 mM P i for 15 min at 37 mC.
resulted in loss of phosphatase and reduction of kinase activities. In the structure of L. casei HPrK\P, the glycine is located at the surface of one trimer and is in direct contact with another subunit (Fieulaine et al., 2001) .
In vivo consequences of hprK mutations in B. subtilis
In previous studies with B. subtilis, the hprK gene was disrupted by insertion of a reporter gene (Galinier et al., 1998 ; Reizer et al., 1998) . As a result, the possibility of polar effects on the expression of the downstream genes cannot be completely excluded. In order to rule out this possibility we introduced hprK alleles containing singlebase substitutions into the B. subtilis chromosome.
These included hprK alleles expressing HPrK\P with neither kinase nor phosphatase activities (G148A) or only partial kinase activity (G158A or G207A) (Fig. 3) . To examine the effect of different hprK alleles in B. subtilis, the strains were grown in CSE medium containing xylose in the presence or absence of glucose. The doubling times and β-galactosidase activities were determined (Table 3) . Expression of the reporter was severely repressed (175-fold) in the presence of glucose in the wild-type strain. In contrast, β-galactosidase activity in strain GP406 (hprK G148A) was similar when cells were grown with or without glucose. This was expected, since in the absence of any HPrK\P activity there would be no synthesis of HPr-(Ser46)-P and hence no repression of xynP transcription. The doubling time * Cells were grown in CSE medium with or without glucose (0n5 %) and xylose as inducer. At OD '!! 0n6-0n8, the cells were harvested and lysed with lysozyme and DNase. The supernatant obtained after centrifugation was used for estimation of β-galactosidase activity.
† Cell growth was monitored in CSE medium with or without glucose (0n5%) as OD '!! until the cultures entered stationary phase. Doubling time was estimated from a semi-logarithmic plot of time vs OD '!! . of this mutant strain was similar to that of the wild-type. This mutant thus behaved similarly to a hprK null mutant, for which it was shown that the lack of carbon catabolite repression was not due to a defect in PTSmediated uptake of the sugars (Reizer et al., 1998) . Strains GP407 (hprK G158A) and GP408 (hprK G207A) grown in the absence of glucose exhibited reduced β-galactosidase activity compared to the wild-type. This reduced expression of the xynP-lacZ fusion was further repressed by glucose, suggesting that CCR was functional in these mutants. The reduced expression in the absence of glucose could be due to permanent repression exerted by HPr-(Ser46)-P and CcpA since the mutant HPrK\P proteins lack phosphatase activity. Similar results have recently been obtained with mutant L. casei hprK alleles resulting in reduction of phosphatase activity (Monedero et al., 2001) . Moreover partial loss of kinase activity and non-dephosphorylation of HPr-(Ser46)-P probably resulted in impaired growth as reflected in the increased doubling time in both the presence and absence of glucose. These results demonstrate that disruption of one of the activities of the bifunctional HPrK\P is more deleterious for growth than is disruption of both activities. Thus, from a physiological point of view, it would be advantageous to have two opposing activities interlinked on a single polypeptide since the probability of disruption of both activities by mutations is higher. Under such circumstances, the growth probably remains unaffected, as seen in the case of the B. subtilis strain expressing HPrK\P deficient in both activities.
